West Nile virus (WNV) and Japanese encephalitis virus (JEV) are important causes of human encephalitis cases, which result in a high mortality ratio and neurological sequelae after recovery. Understanding the mechanism of neuropathogenicity in these viral infections is important for the development of specific antiviral therapy. Here, we focused on human-derived neuronal and glial cells to understand the cellular responses against WNV and JEV infection. It was demonstrated that early IFN-b induction regulated virus replication in glioblastoma T98G cells, whereas delayed IFN-b induction resulted in efficient virus replication in neuroblastoma SK-N-SH cells. Moreover, the concealing of viral dsRNA in the intracellular membrane resulted in the delayed IFN response in SK-N-SH cells. These results, which showed different IFN responses between human neuronal and glial cells after WNV or JEV infection, are expected to contribute to our understanding of the molecular mechanisms for neuropathology in these viral infections.
West Nile virus (WNV) and Japanese encephalitis virus (JEV) are mosquito-borne viruses that belong to the genus Flavivirus, family Flaviviridae (Gubler et al., 2007; Sips et al., 2012) . Most infections, due to either virus, are asymptomatic or cause febrile illness in humans, and may lead to encephalitis resulting in a high mortality ratio and neurological sequelae after recovery (Solomon, 2004) . Specific antiviral therapy has not yet been developed (Solomon, 2004) . There have been few reports focused on WNV and JEV infection in human cells derived from brain (Kleinschmidt et al., 2007; Kumar et al., 2010) and it has not yet been revealed how these viruses spread in these cells. The mechanism of neuropathogenicity in WNV and JEV infection is an important research interest for the development of specific antiviral therapy.
WNV and JEV can multiply in several cultured cell types, which have a cytopathic effect (CPE) upon infection (Gubler et al., 2007; Kleinschmidt et al., 2007; Kumar et al., 2010; Parquet et al., 2001; Stim & Henderson, 1969) . To understand the cellular responses against WNV and JEV infection, we used two kinds of cells, which exhibit different IFN responses and virus replication rates after WNV and JEV infection.
The IFN response is an important defence against the early phase of viral infections (Randall & Goodbourn, 2008) . Type I IFN induction is triggered by viral components called pathogen-associated molecular patterns (PAMPs) such as virus-derived double-stranded RNA (dsRNA). The endoplasmic reticulum (ER) provides the membrane platform for the formation of the flavivirus replication complex, which houses the non-structural (NS) proteins and the accumulating viral dsRNAs during viral genome synthesis (Gillespie et al., 2010; Westaway et al., 1997) . The dsRNA is recognized by pattern recognition receptors (PRRs), namely retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated protein 5 (MDA5), and induces the IFN response (Loo & Gale, 2011; Quicke & Suthar, 2013) . The induction of IFN-a/b is critical for controlling WNV and JEV replication during the course of infection (Lin et al., 2004; Quicke & Suthar, 2013) . It was initially reported in tick-borne encephalitis virus (TBEV) infection that the dsRNA is enclosed in intracellular membrane vesicles and, as a consequence, escapes from the host immune system (Ö verby et al., 2010) . It was reported previously in JEV-infected porcine cells that viral dsRNA is concealed in an intracellular membrane resulting in delayed cytosolic exposure (Espada-Murao & Morita, 2011) . The mechanism of concealing dsRNA was also reported in dengue virus (DENV)-infected HeLa cells, which resulted in the evasion of IFN response . These findings clearly suggest that the concealing of dsRNA plays a crucial role in virus replication, leading to escape from the host immune system in flavivirus infection. This study aimed to reveal the molecular mechanisms for WNV and JEV dissemination and replication in human neuronal and glial cells. (Hayasaka et al., 2009; Takamatsu et al., 2014) . Clear CPE (rounding of cells, detachment from the monolayer and cell shrinkage) was observed in WNV-or JEV-infected SK-N-SH cells from 3 days postinoculation. On the other hand, no clear morphology changes were observed in WNV-or JEV-infected T98G cells up to 5 days post-inoculation (data not shown). SK-N-SH cells showed higher viral titres than T98G cells after infection with WNV or JEV. A slower viral growth and a lower peak of viral titre were observed in T98G cells (Fig.  1a) . These experiments suggested that SK-N-SH cells are permissive for virus replication, whereas T98G cells have some mechanisms to regulate virus propagation.
Next, we focused on cellular innate immune response against viral infection. Real-time quantitative reverse transcription PCR for IFN-b was performed as described previously . The primer information is indicated in Table S1 , available in the online Supplementary Material. Early IFN-b upregulation was observed both in WNV-and JEV-infected T98G cells from 8 h postinoculation (Fig. 1b) . The timing of increased viral RNA levels and virus production was similar in SK-N-SH cells and T98G cells (Fig. S1) . Interestingly, delayed IFN-b induction was shown in SK-N-SH cells, although sufficient virus replication was observed from an early time of infection. On the other hand, immediate IFN-b induction was shown in the absence of sufficient virus replication in T98G cells. There was no significant difference in the basal levels of IFN-b (absolute amount) between SK-N-SH and T98G cells prior to infection (data not shown).
To clarify the role of type I IFN in virus dissemination and growth, it was blocked using an anti-IFN antibody cocktail. The cells were treated with a combination of an antihuman IFN-b (PBL Interferon Source) and an antihuman IFN-a/bR2 (PBL Interferon Source) at different concentrations 1 h before the viral inoculation . A focus formation assay was performed on SK-N-SH cells and T98G cells as described previously (Espada-Murao & Morita, 2011) . Foci of infected cells were larger in WNV-or JEV-infected SK-N-SH and T98G cells treated with anti-IFN cocktail compared with the non-treated group (Fig. 2a) . These results indicate that IFN response restricts virus replication change to in both SK-N-SH and T98G cells. To elucidate the role of IFN-b on virus replication, an immediate IFN-b treatment with 100 or 1000 units per well was performed (EspadaMurao & Morita, 2011) . The results showed that early IFN-b treatment significantly reduced viral titres in both SK-N-SH cells and T98G cells (Fig. 2b) . It is suggested that the delayed IFN-b induction in SK-N-SH cells impaired the IFN response during early infection, thereby enhancing WNV and JEV replication. The cytosolic PRRs are reported to regulate IFN-a/b expression in flavivirus infection (Kato et al., 2006; Loo & Gale, 2011) . To compare protein expression in WNV-and JEV-infected cells, cellular extracts were subjected to immunoblotting for RIG-I, MDA5 and for b-actin as an internal control Uchida et al., 2014) . RIG-I expression was detectable from 24 h post-inoculation in both SK-N-SH and T98G cells (Fig. 2c) , whereas MDA5 expression was not detectable in the two cells (data not shown). It indicates that the RIG-I, but not MDA-5, is required for IFN-b induction in JEV infection (Kato et al., 2006) , and this is in agreement with a previous report .
The timing of the dsRNA exposure in the cytosol has been reported to be important for inducing an IFN response in TBEV-, DENV-and JEV-infected cells (Espada-Murao & Morita, 2011; Ö verby et al., 2010; Uchida et al., 2014) . Two permeabilization methods were applied to differentiate the localization of the dsRNA, either exposed in cytoplasm or concealed in intracellular membrane. Nonidet P-40 (NP-40) treatment permeabilizes all cellular membrane structures, including the plasma membrane and ER; digitonin permeabilizes only the plasma membrane . WNV or JEV infection was performed on a monolayer of cells in eight-well chamber slides (Nunc) at an m.o.i. of 10. At indicated time points, the cells were subjected to immunostaining as described previously (EspadaMurao & Morita, 2011; Uchida et al., 2014) . The mouse IgG2a K1 mAb (English & Scientific Consulting) was used to visualize viral dsRNA. The images were captured using a LSM 780 confocal laser scanning microscope (Carl Zeiss). The cell number in a field was counted by ImageJ software (Schneider et al., 2012) . Interestingly, the dsRNA was predominantly concealed in intracellular membrane structures in SK-N-SH cells after WNV infection (Fig. 3a) . The ratio of exposed dsRNA in cytoplasm was lower (approx. 10 %) in WNV-infected SK-N-SH cells, whereas that in T98G cells was higher (approx. 50 %) during the course of infection (Fig. 3b) . A similar finding of concealed dsRNA was noted in JEV-infected SK-N-SH cells, and the ratio of exposed dsRNA was also higher in T98G cells than that in SK-N-SH cells (Fig. 3c) . The results suggested that the delayed cytosolic exposure of dsRNA was correlated with the delayed IFN-b induction in SK-N-SH cells. In our previous report, the dsRNA of DENV was concealed in intracellular membranes but JEV was exposed in the cytoplasm of human cervical-derived HeLa cells during early infection (Uchida et al., 2014) .
A similar finding was observed in WNV-infected HeLa cells (data not shown). The specific observation of concealed dsRNA in neuronal cells may contribute to the viral pathogenicity in WNV and JEV infection. It is suggested that dsRNA leaking from the small pore of replication vesicles during the later phase of infection is recognized by cytosolic PRRs in TBEV infection (Ö verby & Weber, 2011) . It is possible that the difference in formation of vesicle packets, where dsRNA is likely to be concealed (Gillespie et al., 2010) , is related to the difference in the levels of dsRNA exposure in the cytoplasm between neuronal and glial cells. However, the mechanism of triggering the cytosolic dsRNA exposure has not yet been identified. Therefore, we need further investigations to reveal how WNV and JEV utilize the mechanism of concealing viral dsRNA in association with host cellular factors.
In conclusion, this is the first report to indicate the mechanisms of concealing dsRNA in WNV-and JEV-infected human neuronal cells. Early IFN-b induction regulates virus replication in glioblastoma T98G cells, whereas delayed IFN-b induction resulted in efficient virus replication in neuroblastoma SK-N-SH cells. These results, which showed a difference in the IFN response between human neuronal and glial cells after WNV or JEV infection, are expected to contribute to our understanding of the molecular mechanisms of neuropathology caused by these viruses.
